SmB6 is one of the candidate compounds for topological Kondo insulators, a class of materials which combines a non-trivial topological band structure with strong electronic correlations. Here we employ a multiband tight-binding description, supplemented by a slave-particle approach to account for strong interactions, to theoretically study the surface-state signatures in scanning tunneling spectroscopy (STS) and quasiparticle interference (QPI). We discuss the spin structure of the three surface Dirac cones of SmB6 and provide concrete predictions for the energy and momentum dependence of the resulting QPI signal. Our results also apply to PuB6, a strongly correlated topological insulator with a very similar electronic structure.
SmB6 is one of the candidate compounds for topological Kondo insulators, a class of materials which combines a non-trivial topological band structure with strong electronic correlations. Here we employ a multiband tight-binding description, supplemented by a slave-particle approach to account for strong interactions, to theoretically study the surface-state signatures in scanning tunneling spectroscopy (STS) and quasiparticle interference (QPI). We discuss the spin structure of the three surface Dirac cones of SmB6 and provide concrete predictions for the energy and momentum dependence of the resulting QPI signal. Our results also apply to PuB6, a strongly correlated topological insulator with a very similar electronic structure.
Topological insulators (TIs) with strong correlations are considered to be of crucial importance in the exciting field of topological phases: They may provide TI states which are truly bulk-insulating -a property not easily realized in current Bi-based TIs -and they may host novel and yet unexplored interaction-driven phenomena.
In this context, the material SmB 6 has attracted enormous attention recently, as it has been proposed [1] [2] [3] to realize a three-dimensional (3D) topological Kondo insulator (TKI), i.e., a material where f -electron local moments form at intermediate temperatures T and are subsequently screened at low T , such that a topologically nontrivial bandstructure emerges from Kondo screening. 4 While a number of experiments on SmB 6 , such as transport studies, [5] [6] [7] quantum oscillation measurements, 8 angle-resolved photoemission spectroscopy (ARPES), [9] [10] [11] [12] [13] and scanning tunneling spectroscopy (STS) 14, 15 appear consistent with the presence of Dirac-like surface states expected in a TKI, a direct proof of their topological nature has been lacking until recently. Moreover, doubts have been raised about the proper interpretation of ARPES data. 16, 17 Two types of experiments are usually considered as smoking-gun probes of TI surface states: (i) spinresolved ARPES which can detect the spin-momentum locking of the surface states [18] [19] [20] and (ii) Fouriertransform STS (FT-STS) which can detect the absence of backscattering 18 in quasiparticle interference (QPI) patterns which is a direct consequence of the spinmomentum locking. [21] [22] [23] [24] Very recently, spin-resolved ARPES has successfully been applied to SmB 6 and has confirmed spin-momentum locking of the surface states. 25 In contrast, to date no high-quality FT-STS exist on SmB 6 as well as on other candidate TKI materials, such as PuB 6 .
26
It is the purpose of this paper to provide concrete predictions for FT-STS measurements on cubic TKIs. To this end we study the physics of local defects in a multiband Anderson lattice model for SmB 6 and PuB 6 , whose tight-binding (TB) part is derived from band-structure calculations. We determine the spin structure of the three surface Dirac cones and discuss the momentum de- pendence of the resulting QPI signal for different types of scatterers. Our results may be directly tested in future FT-STS experiments on SmB 6 and PuB 6 .
Multi-orbital Anderson model. To describe the electronic properties of both SmB 6 and PuB 6 , which possess the same CsCl-like lattice structure, Fig. 1(a) , and a very similar bandstructure, we employ a generalized version of the TB model of Refs. 1 and 3. The model entails a total of 10 rare-earth orbitals per site, namely the spin-degenerate E g (d x 2 −y 2 and d z 2 ) quadruplet and the lowest-lying f -shell J = 5/2 multiplet, see Fig. 1 
(c)-(d).
Other orbitals, including the rare-earth J = 7/2 multi-plet and all B 6 states, are excluded, since ab-initio methods show that their energies are far away from the Fermi level. 2, 26, 27 The cubic crystal field splits the J = 5/2 multiplet into a Γ 8 quadruplet and a Γ 7 doublet, which read |Γ
where ± denotes the pseudo-spin index.
The total Anderson Hamiltonian is:
being the d and f kinetic energies and the hybridization, respectively. Here, σ and α denote the (pseudo)spin and orbital degrees of freedom, so in the d shell σ =↑, ↓ and
8 , Γ 7 . Hopping and hybridization terms in ij are included up to 7th nearest neighbor (NN) sites, with |r i −r j | ≤ √ 9. All parameter values were taken from the ab-initio calculations of Ref. 26 , obtained by projecting LDA results to maximally localized Wannier functions. While these calculation are for PuB 6 , our results should also apply to SmB 6 -perhaps with an adjustment of the overall energy scale, see below -given the strong similarities of the two materials. 26, 28 The concrete values of t ij and V ij up to 2nd NN are given in the supplement.
29
Hubbard repulsion and slave-boson approximation. The f electrons are subject to a strong Coulomb repulsion H U . Here we employ the standard slave-boson approximation which implements reduced charge fluctuations in the infinite-repulsion limit at the mean-field level.
30-32
For both SmB 6 and PuB 6 the dominant charge configurations are d 1 f 5 and d 0 f 6 , such that it is convenient to work in a hole representation: The Coulomb repulsion suppresses states with more than one f hole per site. The remaining states of the local f Hilbert space are represented by auxiliary particles, b i andf iσα for f 6 and f 5 states, respectively. At the mean-field level, b i → b = b i is condensed, and a Lagrange multiplier λ is used to impose the required Hilbert-space constraint. Both parameters need to be determined self-consistently, together with the overall chemical potential; technical details can be found in the supplement.
29
This procedure transforms the Anderson model of Eq. (1) into a non-interacting TB model, with the influence of the Coulomb repulsion encoded in a downward renormalization of the f kinetic energy by a factor b 2 and the hybridization by a factor b. In addition, the f -level energy f α is shifted towards the Fermi level. STS, Defects, and QPI. To calculate the STS signal on a (001) surface, we solve the renormalized TB model in a slab geometry. We ignore a possible surface reconstruction, but comment on its effects below (note that the unreconstructed (001) surface of SmB 6 is polar 16 ). In order to model QPI, we take into account scattering off isolated defects which we assume to be located in the surface layer. For simplicity, we take point-like scatterers and neglect the local modifications of the slaveboson parameters.
33 Impurity-induced changes of electron propagators are calculated using a T-matrix formalism, with details given in the supplement.
The output quantity is the Green's function G aa (E, r, r ), which depends on the energy E, on the positions r and r , and on the orbital indices a, a = 1, . . . , 10. The local density of states (LDOS) is the (orbital) trace of the imaginary part of the local Green's function, ρ(E, r) = −1/π Im TrĜ(E, r, r). However, the STS signal is not simply proportional to the LDOS, as the tip samples each orbital with a different weight, and interference effects are also present. [34] [35] [36] [37] [38] To simulate this process, in the spirit of the cotunneling of Ref. 36 , we com-
, whereψ is a 4×10 matrix containing the coupling between each of the 10 orbitals to each of four assumed tip-electron channels (two spin directions and two orbitals); for details see supplement. 29 The QPI signal ρ QP I (E, k x , k y , z = 1) is then obtained from ρ ST S (E, x, y, z = 1) by a Fourier transform in the xy plane; ρ QP I is real for the singleimpurity case considered here.
Results: Band structure and surface states. Fig. 2 (a) shows the 3D bandstructure as obtained from the renormalized TB model. The d band has a minimum at about −1.7 eV at the X point, as observed in ARPES experiments for SmB 6 , 9-13 while f states lie close to the Fermi energy. Around the X point, the bottom of the conduction (top of the valence) band is mainly of Γ 7 (Γ 8 ) character. The overall agreement with DFT calculations, possibly with many-body corrections, 2,26,27 is satisfactory, even though reproducing some finer details would require including even longer-range hoppings; we have verified that this does not significantly alter surface states and QPI spectra. We note that, according to DMFT calculations, 26 the interaction-induced renormalization factor of the f kinetic energy should be ∼ 0.2 rather than our b 2 ∼ 0.5. Furthermore, LDA results indicate that that f -band energies are by a factor of 1.5 . . . 2 smaller in SmB 6 as compared to PuB 6 .
2,26 As a consequence, a rescaling of the bulk energies close to the Fermi level by a factor ∼ 0.2 . . . 0.4 might be necessary for a quantitative comparison with SmB 6 experiments. We stress, however, that this does not strongly affect the momentum dependence of the QPI spectra to be discussed below.
By computing topological indices 18, 39, 40 it is easy to show that the renormalized TB model is a strong topo- logical insulator for the range of parameters pertinent to SmB 6 1-3 and PuB 6 . 26 Band inversion between even d and odd f bands occurs at the three inequivalent X points. As a result, three surface Dirac cones appear at the twoX points and atΓ of the 2D surface Brillouin zone, [1] [2] [3] 26 see Fig. 2(b) . We obtain the Dirac energies to be Γ = −9 meV and X = −24 meV and the Fermi momenta k FΓ = 0.15Å (we have used the SmB 6 lattice constant 4.13Å). Experimental results from ARPES for SmB 6 are 9,11,13 Γ = −23 meV, X = −65 meV, k FΓ = 0.09Å −1 , k FX = 0.39 − 0.28Å −1 . While this agreement does not appear perfect, we note that the experimental estimates for Γ and X were obtained by a linear extrapolation of the low-E dispersion;
11 the curvature in our surface bands indicates that this might be unwarranted. In addition, the precise dispersion of surface states sensitively depends on many factors which are difficult to take into account in a microscopic model. These include modified orbital energies, a modified crystal field, and modified Kondo screening 33 near the surface as well as surface termination, surface reconstruction, and disorder. In particular, the unreconstructed (001) surface of SmB 6 is polar, showing also surface states of non-topological origin, while the 2 × 1 reconstructed surface is non-polar, 14, 15 and is the one which more closely resembles our modelling (ignoring reconstruction effects such as band-folding 10 ). The dependence of in-gap states on the surface termination has also been noted in ab-initio calculations. show a peak at roughly −8 meV and a dip near E F , leading to a Fano-like structure. Its shape and peak-to-background ratio are very similar similar to that in our calculation. However, our peak lies considerably deeper in energy, at about −80 meV, corresponding a set of surface states, while at about −30 meV, where bulk f states show an LDOS peak, we see no peak in the surface signal. As noted above, surface states are extremely sensitive to the local environment, and changes in their dispersion will strongly influence the STS signal: For example, the unreconstructed (polar) surface of SmB 6 displays a peak at −28 meV (instead of −8 meV), and disordered surfaces show even more complex behavior. 15 As a consequence, we believe the peaks observed in experiments at −8 meV or −28 meV arise from surface (rather than bulk) states, and apparently require a more accurate modelling of states far from the Dirac points.
Near a Kondo hole, i.e., a defect with missing f orbital, the tunneling spectrum is mainly suppressed at negative energies where the signal has f character, Fig. 3(b) . No resonance peaks occur for these strong scatterers, due to the large particle-hole asymmetry of the f band. 33 We note that low-energy resonances may still occur for scatterers of fine-tuned intermediate strength.
Results: QPI signal. In Fig. 4 we show the QPI signal inside the bulk gap for different types of impurities, with the corresponding surface ARPES signal for comparison; the figure also indicates the spin polarization of the surface states. 29 Notably this spin structure agrees with the recent results of spin-resolved ARPES on SmB 6 .
25
As is common for all TIs, the QPI signal from intracone scattering due to non-magnetic impurities is weak and non-peaked near the Dirac point, 19, 20, 42 as backscattering k ↔ −k involves states with opposite spin. No such argument holds for intercone scattering, which, consequently, can give rise to pronounced peaks in the QPI signal. 33 Remarkably, the Dirac-cone spin structure of Fig. 4(b) is such that also intercone scattering tends to be suppressed: This is because the spin directions for pairs of stationary points 43 (i.e. points with parallel tangents to their constant-energy contour, e.g., the ones connected by colored arrows in Fig. 4(a,b,c) ), are essentially antiparallel, which applies both toΓ-X andX-X scattering. 44 However, care is required: While QPI spectra associated to Γ 8 impurities are mostly non-peaked, Fig. 4(j,k,l) , as suggested by the spin structure, both Γ 7 impurities and Kondo holes do give rise to QPI peaks corresponding toX-X scattering, see Fig. 4(d-i) . As shown in the supplement, 29 this can be ascribed to the Γ 7 component of the surface states which in fact displays parallel spin expectation values at certain pairs of stationary points, allowing for efficientX-X scattering. Thus, details of the intercone signal depend on the character of the scattering center, which might help to experimentally identify different scatterers.
The energy dependence of the QPI signal within the bulk gap is weak: Upon increasing the energy, the intercone scattering momenta shrink, and the overall signal strength decreases. Upon leaving the bulk gap, we expect a rapid decrease of the surface QPI signal, due to the hybridization of surface with bulk states.
To underline how sensitively the QPI signal depends on proper modelling, in particular on the Dirac-cone spin structure, we have repeated the same calculation with models of reduced f -orbital content, i.e., retaining only the Γ 7 doublet or only the Γ 8 quartet in the model Hamiltonian (1), as in Fig. 5 of Ref. 26 . The resulting QPI patterns drastically differ, and the "only Γ 7 " case even yields a spin structure in disagreement with experiment. 25 Details are in the supplement. 29 These results show that the orbital content of both surface states and impurities are relevant to QPI spectra. Importantly, this cannot be properly captured in effective low-energy models. In particular, the relative Γ 7 /Γ 8 weight of both the Dirac-cone states and the impurities determine the strength of theX-X scattering peak of experimental QPI spectra. We note that none of the calculations showed a significant QPI signal for scattering between theΓ andX cones.
Summary. We have computed ARPES, STS, and QPI spectra within a renormalized multiorbital TB model for the strongly-correlated TI materials SmB 6 and PuB 6 . Both ARPES and STS spectra agree semi-quantitatively with existing experimental results for SmB 6 . The remaining disagreement can be attributed to modelling uncertainties concerning the interaction-induced renormalization of the kinetic energy and the detailed electronic structure of the surface, where surface termination and reconstruction play an important role.
We have made concrete predictions for the QPI signal. We have found that QPI peaks corresponding toX-X intercone scattering can appear for particular types of impurities, which can be related to the spin structure and orbital content of the Dirac-cone states. We have also considered a model variant which results in a spin structure in disagreement with experiment 25 and yields a qualitatively different QPI signal, illustrating that QPI is a powerful probe for the surface spin structure of TIs with multiple Dirac cones. Hence, the observation of a weakly peaked low-energy QPI signal in SmB 6 , possibly withX-X scattering peaks, would not only confirm the topological nature of the surface states, but also the Dirac-cone spin structure as reported in Ref. 25 .
Future work should include a more detailed modelling of surface effects as well as a study of finite-temperature crossovers, similar to Refs. 45 and 46.
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I. TIGHT-BINDING PARAMETERS
Our tight-binding (TB) model, Eq. (2) of the main text, includes hopping and hybridization terms up to 7th nearest-neighbor (NN) sites of the cubic lattice, i.e., up to cartesian distances (300) and (221). We note that 1st and 2nd NN terms are needed to yield the minimum of the d band and the maximum of the Γ 8 band to be located both at X, while the 3rd NN is needed for a proper description of the Γ 7 band. Further NN terms are needed for a quantitative adjustment of the low-energy bandstructure.
In the following we sketch the construction of the model and specify its parameters for first and secondneighbor terms. The numerical values for all parameters were taken from tight-binding fits to the ab-initio results for PuB 6 of Ref. 1.
A. On-site energies
We start with the local (i.e. on-site) orbital energies which enter H dd and H f f in Eq. Considering the lack of corresponding ab-initio results, we have ignored this effect, but we note that the hopping and hybridization terms in our TB model effectively generate such a surface-induced splitting.
B. First NN
The nearest-neighbor processes connect sites with cartesian distances (±1, 0, 0), (0,
To efficiently generate the hopping piece for the cubicsymmetry case, we follow the treatment of Ref. 2. We fix the matrix elements along the (001) direction, then apply a rotation in orbital space according to
and
to obtain the matrix elements in the (100) direction, and finally use
The resulting H 1 dd is diagonal in spin space and reads in the d x 2 −y 2 , d z 2 basis:
Here η 
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The hybridization H 1 df is non-diagonal in spin space and reads 
with η 
where N s is the number of lattice sites. The filling corresponding to the Kondo insulator is given by N e = 4N s , meaning 4 holes, i.e., 6 electrons, per site. More details can be found in Ref. 7 .
To determine the mean-field parameters for our model, we have solved the equations (S13), (S14), and (S15) iteratively at a temperature T of 10 −4 eV using a momentum-space grid with 25 3 points. We obtain λ = 0.58 eV, µ = 0.10 eV, b = 0.72, the latter value implying a mixed-valence situation with n f ≈ 5.5. This value agrees well with the experimentally determined f valence of SmB 6 .
8

III. SCATTERING MATRIX
To calculate impurity-induced changes of electron propagators, we start from the Green's functionĜ 0 of a clean slab with a periodic boundary conditions along x and y and open boundary conditions along z.Ĝ 0 is diagonal in the in-plane momentum k = (k x , k y ) and can be calculated according tô
withĤ MF k being the mean-field Hamiltonian from Eq. (S9) after Fourier transformation w.r.t. the in-plane coordinates. Here, a and a are orbital indices with 1 ≤ a, a ≤ 10, µ is the chemical potential, and δ is an artificial broadening parameter.
The effect of an isolated impurity is obtained using the standard T-matrix formalism,
where the scattering T matrix is determined aŝ
Here, all matrices depend on the real-space positions r = (x, y, z) and r = (x , y , z ), with 1 ≤ x, y, x , y ≤ N x , 1 ≤ z, z ≤ N z , and on orbital indices a and a ; the real-space form ofĜ 0 is obtained from Eq. (S16) by fast Fourier transformation. The scattering potential V is non-zero on the impurity site only: for Kondo holes, we take an on-site f energy of V = 100 eV, while for weak scatterers we modify the on-site energy in one of the orbitals by V = 10 meV. Our slab thickness is N z = 25. To reach sufficient energy resolution, we have used N x = 801, δ = 1 meV. For further technical details, we refer the reader to Ref. 7 where the same approach was used to study a simpler four-orbital model for tetragonal topological Kondo insulators.
IV. STS SIGNAL
Here we summarize the calculation of the STS signal which involves a modelling of the electronic tunneling processes between the microscope tip and the material's (001) surface. As will become clear below, an important ingredient is the orbital character of the electronic states in the tip.
We assume a tip ending with a single apex atom and a vertical tunneling path between this tip atom and a Sm (Pu) atom beneath it, Fig. S1 . Non-zero tunneling matrix elements arise only for tip states whose wavefunction symmetry, projected into the xy plane, is s-like or d x 2 −y 2 -like. Taking the spin degree of freedom into account, the modelling thus requires four tip-electron channels. For the purpose of numerical estimates (see below), we assume the tip states to be those of d electrons, and hence consider tip electrons in d x 2 −y 2 and d z 2 orbitals (the latter has an s-like wavefunction when projected into the xy plane). By extending the treatment of Ref. 9 to multichannel transport, and restricting ourselves to vertical tunneling, the tunneling Hamiltonian can be written as
where we assume operators p σα to describe tip orbitals and
is built with hopping matrix elements from the tip to the surface, together with surface orbitals of the atom beneath the tip. Note that the physical f -electron operator has been expressed as bf , with the slave-boson renormalization factor b entering.
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The differential conductance g(E) is now the sum of four terms, each proportional to the imaginary part of G ψσα (the "cotunneling" Green's function for operator ψ σα ), times the corresponding density of states of the tip ρ T IP σα , that for simplicity we take energy-, spin-, and orbital-independent:
g(E) = − 2e Figure S1 . Schematic picture of our setup: in the surface layer of a slab of Sm atoms (blue), an impurity or Kondo hole (red) is introduced. Above the slab we put an STS tip (green) ending with a single atom, which has two conduction channels (both of them spin degenerate), one d x 2 −y 2 -like (orange), and one d z 2 -like (purple). To obtain the expectation value of the spin on f states we trace out the orbital degree of freedom; in the basis Γ
8 +, Γ
8 −, Γ
8 −, Γ 7 +, Γ 7 − we get :
In Fig. S2 we report the results of this calculation. Panel (a) shows σ (E, k) at fixed E = 0 as function of k -for sharp quasiparticles this signal is only nonzero at the iso-energy contours (for numerical reasons we have used a finite broadening). Importantly, the result in Fig. S2(a) is consistent with the corresponding experimental result obtained on SmB 6 .
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The remaining panels of Fig. S2 illustrate the different orbital contributions to σ (E = 0, k), obtained by only taking into account a partial set of spin matrix elements. It is remarkable that the different orbitals yield qualitatively distinct contributions to σ (E, k): The winding of the in-plane spin components along an iso-energy contour is opposite in panels (d) and (e) for both theΓ and theX cones. This underlines that the observable spin structure depends sensitively on the orbital content of the surface states, as mentioned in the main text. 
VI. ADDITIONAL QPI RESULTS
This section contains additional results for quasiparticle interference (QPI) spectra for the microscopic model discussed in the paper and its variants. All curves are essentially flat nearΓ, corresponding to suppressed intracone scattering. As mentioned in the main text, the four cases, however, differ in the behavior nearM : whereas the Γ 8 scatterer produces no appreciable signal from intercone scattering, the other cases lead to intercone scattering peaks which are strong both for the Kondo hole and for the Γ 7 scatterer. The origin is in the intricate spin structure of the Dirac-cone states, as discussed in Sec. V above. In the "Γ 8 only" model the spin structure is similar to the one of the full model, Figs. S4(a) and (e). Consequently, the QPI signal from intercone scattering is similarly flat, i.e., non-peaked, forΓ-X scattering and only weakly peaked forX-X scattering -this is particularly clear in Fig. S5 . Note, however, that the detailed Figure S5 . QPI signal along theΓXMΓ path in the 2D Brillouin zone for a Kondo hole, comparing the full model, the "Γ7 only" model, and the "Γ8 only" model. The curves are shown for the same energies as in Fig. S4 .
momentum-space distribution of QPI intensity is nevertheless rather different in the two cases.
In contrast, the "Γ 7 only" case offers an opposite scenario: The winding of the in-plane spin component of the Dirac cones atX andX is reversed, such that the expectation value of the spin is now roughly parallel for pairs of stationary points, Figs. S4(c) . This result closely resembles the one of Ref. 12 , where a LDA+Gutzwiller approach was used to compute the surface states of SmB 6 and their spin structure. (We recall that the experimental ARPES results 11 are different and instead agree with our full calculation.) This distinctly different spin structure in turn leads to a sharp QPI peak corresponding to interconeX-X scattering, Fig. S5 . These findings also explain how the relative Γ 7 /Γ 8 weight on the surface states, and in particular on theX cones, controls the strength of theX-X scattering peak, in addition to the relative Γ 7 /Γ 8 weight of the impurity, as shown in the main text.
We note that we have chosen, for illustration purposes, an energy with EΓ < E < EX in Figs. S4(c,d) . (For the other models, this energy interval has no overlap with the bulk gap and hence cannot be probed by surfacestate QPI.) As a result, the spin on one of the two cones is reversed, and hence a peak is expected for scattering between theΓ andX cones. Such a peak, albeit weak, is indeed seen in Figs. S4(d) and S5. In all other cases,Γ -X scattering does not induce a sizeable QPI signal.
C. QPI summary
Let us quickly summarize our insights concerning the QPI signal arising from topological surface states with multiple inequivalent Dirac cones. Most generally, we find that: (i) intracone scattering generically gives rise to weak and flat (non-peaked) contributions, and (ii) intercone scattering can lead to either strong and distinctly peaked signals or to weak flat signals, depending on the (relative) spin structure of the cones.
For identical cones, such as theX ones in SmB 6 , two limiting scenarios concerning intercone scattering are possible: one in which the spin for pairs of stationary points is parallel which leads to a QPI peak, and one in which this spin is antiparallel which leads to a QPI plateau. However, the multi-orbital nature of the underlying model allows for departures from these limiting cases: The contributions to spin (or other quantum numbers distinguishing Kramers-degenerate partners of states) from the different orbitals can be qualitatively different, see Fig. S2 above, such the orbital content of both surface states and scatterers eventually determine the structure of the QPI signal, and QPI peaks may occur even if the spin structure (as detected by spin-resolved ARPES) would suggest otherwise.
For scattering between nonidentical cones, such as thē Γ cone and oneX cone in SmB 6 , we find intercone scattering to be always weak (even though peaks are in principle allowed, but are not supported by the spin structure within our model).
We believe that these considerations will be useful for the analysis of future QPI experiments on SmB 6 , PuB 6 , and other TI materials with multiple Dirac cones.
